As galaxies evolve, they must enrich and exchange gas with the intergalactic medium, but the mechanisms driving these processes remain poorly understood. In this work, we leverage missing metals as tracers of past gas flows to constrain the history of metal ejection and redistribution in M31. This is a unique case of a roughly L * galaxy where spatially resolved measurements of the gas-phase and stellar metallicity, dust extinction, and neutral ISM gas content are available, enabling a census of the metal mass present in stars, gas, and dust. We combine spatially resolved star formation histories from the Panchromatic Hubble Andromeda Treasury survey with a model of metal production by Type II SNe, Type Ia SNe, and AGB stars to calculate the history of metal production in M31. We find that 1.8 × 10 9 M of metals, or 62% of the metal mass formed within r < 19 kpc, is missing from the disk in our fiducial model, implying that the M31 disk has experienced significant gaseous outflows over its lifetime. This fiducial missing metal mass is over a factor of 100 larger than the observational estimate of the metal content of M31's circumgalactic medium (CGM). If all of this missing metal mass resides in M31's CGM, we show that either the hydrogen mass in the CGM must exceed the stellar mass in M31, or the CGM must have super-solar metallicity. We find that no net metal loss is required in the past 1.5 Gyr, but some metal mass produced since then in the central ∼ 5 kpc has likely been redistributed farther out in the disk.
INTRODUCTION

Metals as Tracers of Past Gas Outflows
Galaxy formation models require gaseous outflows to regulate star formation and reproduce observed scaling relations, such as the the star-forming main sequence (SFMS) and the mass-metallicity relation (MZR) (e.g., Somerville & Davé 2015) . To explain the MZR in particular, a larger fraction of metals must be ejected preferentially from lower-mass galaxies (e.g., Tremonti et al. 2004; Dalcanton 2007; Peeples & Shankar 2011) . These ejected metals would also explain the observed enrichment of the circumgalactic medium(CGM) and intergalactic medium (IGM; e.g., Oppenheimer & Davé 2006; Werk et al. 2014) .
Observations have shown that outflows are ubiquitous at high redshift (e.g., Shapley et al. 2003; Weiner et al. 2009; Steidel et al. 2010 ) and occur locally in starburst and poststarburst galaxies (e.g., Tremonti et al. 2007; McQuinn et al. 2010; Chisholm et al. 2018) . Though it is now widely accepted that outflows drive baryons and metals out of essen-† NSF Graduate Research Fellow tially all galaxies at some point in their evolution, how these outflows are launched and the fate of the ejected material remain poorly understood, due in large part to the difficulty in characterizing diffuse and multi-phase outflows for large numbers of galaxies. The properties of outflows are also expected to vary strongly in time, further complicating interpretation of instantaneous measurements of outflowing material.
Attempts to use theoretical models to interpret observational constraints on outflows have had mixed results. Many different feedback implementations in galaxy formation models are able to reproduce key properties of the galaxy population (e.g., Naab & Ostriker 2017) , but predict different amounts of metal loss from galaxies (e.g., Wiersma et al. 2011) . Recent particle-tracking analyses do not agree on the fractions of baryons and metals in various reservoirs at low redshift: stars, cold ISM gas, CGM, and IGM (Ford et al. 2014; Anglés-Alcázar et al. 2017; Christensen et al. 2016 Christensen et al. , 2018 . Furthermore, these studies predict different scalings for the amount of metal loss with galaxy mass, as well as different timescales on which previously ejected, metalenriched material is reaccreted. In light of these discrepancies, observational constraints on the metal mass present in these various reservoirs represent a promising route toward discerning among these various feedback models.
Several observational studies have calculated the global fraction of metal mass retained in galaxies across a wide stellar mass range (e.g., Zahid et al. 2012; Peeples et al. 2014) . These studies use scaling relations to estimate metal retention, and so represent an average constraint; it remains unclear how variable the net metal loss from galaxies of similar stellar mass might be. While it is known that dwarf galaxies lose most of their metal mass (Kirby et al. 2011; McQuinn et al. 2015) , the scaling of metal retention with galaxy mass for high-mass galaxies is not settled.
Spatially resolving the baryon content and metallicities enables a more precise calculation of the total metal mass present in a galaxy. Both stellar and gas-phase metallicity gradients are known to be common (e.g., Sánchez et al. 2013; Roig et al. 2015) , so applying a metallicity measured in a galaxy's center to its entire stellar or gas content is likely to bias results. Only one such spatially resolved measurement of metal retention within a galaxy has been done to date, for NGC 628 .
In this work, we leverage the wealth of data available for the nearby galaxy M31 to perform a spatially resolved measurement of its lifetime metal retention. This is the first detailed measurement for a L * galaxy, providing an important anchor for population-wide studies and comparisons to galaxy formation models.
This Work: A Spatially Resolved Measurement of Metals Missing from M31
M31 is the nearest massive (∼ L * ) galaxy (at a distance of 785 kpc, McConnachie et al. 2005) . Due to its brightness, large area on the sky, and similarity to the Milky Way, M31 has been extremely well-studied. In particular, photometry of individual resolved stars is available from the Hubble Space Telescope (HST) imaging in the Panchromatic Hubble Andromeda Treasury (PHAT) (Dalcanton et al. 2012; Williams et al. 2014) . PHAT enabled precise photometric measurements for over 100 million stars in six filters spanning UV to IR (Williams et al. 2014 ). The survey covers roughly one third of M31, particularly the near side of the northern disk out to ∼ 20 kpc. The HST imaging is complemented by spatially resolved maps of the cold gas (H I and H 2 ), described in Section 2.2.1 below.
The PHAT photometry has enabled measurements of spatially and temporally resolved star formation histories (SFHs), enrichment histories, and dust content derived from modeling color-magnitude diagrams (CMDs) (Williams et al. 2017; Dalcanton et al. 2015 , described in Sections 2.1.1 and 2.3.1 below). M31 is the most massive nearby galaxy for which these precise CMD-based measurements are possible.
In this work, our main objective is to measure the lifetime metal mass loss from M31. An overview of the measurement is shown in Figure 1 , which illustrates the datasets and model assumptions that enter into each step. We first perform a census of the spatial distribution of metals in the stars, ISM gas, and dust within the PHAT footprint in the M31 disk (Section 2). We then calculate the spatially and temporally resolved history of metal production in M31 (Section 3), and from this, the mass surface density of metals produced by stars currently in the galaxy, Σ produced metal . We take ratio of the present-day metal mass surface density, Σ present metal , to Σ produced metal to derive both the integrated and spatially resolved metal retention fraction, f retained (Section 4).
Throughout this calculation, we note the dominant sources of systematic uncertainty and place conservative bounds on the possible values of each quantity of interest. We do not fully model the effects of stellar radial migration, mergerdriven accretion of stars and/or pre-enriched gas from mergers, or recycling of metal-enriched winds within the galaxy, but we discuss the effects of these processes on our results in Section 4.
Finally, we place constraints on the lifetime-averaged mass loading of outflows, the metal content of the M31 CGM, and on the required spatial redistribution of metals recently produced in the inner disk in Section 5. Our findings are summarized in Section 6.
We adopt a flat ΛCDM cosmology with Ω m = 0.308 and H 0 = 67.8 km s −1 Mpc −1 (Planck Collaboration et al. 2016a) . We use the symbol Σ to refer to mass surface density throughout. Z is the metal mass fraction, including all elements heavier than He. The mass fraction of an individual metal species, e.g., oxygen, is referred to as Z(O). We use the Anders & Grevesse (1989) solar abundance set with Z = 0.019 (which is consistent with the abundance set used in the Padova stellar evolutionary tracks, as discussed in Section 2.1.1 below). We also quote logarithmic stellar metallicities relative to solar, [M/H] = log(Z/Z ).
THE SPATIAL DISTRIBUTION OF METALS PRESENT IN M31
Here, we calculate the metal mass surface density present in within the PHAT footprint, and the implied total metal mass in M31 assuming azimuthal symmetry. We describe the data sources and methods of calculating the metal mass surface density in stars (Σ metal ), cold ISM gas (Σ gas metal ), and dust (Σ dust metal ), as well as the sources of systematic uncertainty in each measurement. We present the radial profiles of Σ metal , Σ gas metal , and Σ dust metal and calculate the fractional contribution of each to the total metal content at each radius and integrated over the disk of M31.
Stars
Ancient Star Formation and Enrichment Histories
The ancient SFHs were measured by Williams et al. (2017) , who modeled optical-NIR CMDs within 826 re- . Ultimately, we integrate the metal production histories over time to map the total produced metal mass, and divide by the total present metal mass calculate the metal retention fraction, f retained (Section 4). . Left: Total star formation rate (SFR) within the PHAT footprint plotted against the age of the universe (with redshift shown on the top axis for reference). Right: Mean metal mass fraction of newly formed stars in each age bin plotted against time. The bulk of star formation occurs during the oldest bin (z 1), which is wider than the other age bins because the data cannot constrain variations in SFR at ancient times. In both panels, the solid blue line shows the fiducial model, derived using Padova stellar evolutionary tracks. The orange, green, and purple dotted lines show results for different stellar tracks are used; the spread among these is used to gauge the systematic uncertainty in the SFHs and stellar metallicities. In the right panel, the horizontal black dashed line indicates solar metallicity (Z = 0.019) adopted by the Padova models.
gions 83 × 83 in size, corresponding to a physical size of 0.3 × 1.4 kpc (corrected for the 77 • inclination of M31, e.g., Courteau et al. 2011 ). We call these regions "SFH pixels" throughout the paper. We summarize here the key modeling choices made by Williams et al. (2017) , but refer the reader to that paper for details. Williams et al. (2017) modeled their optical-NIR CMDs using MATCH (Dolphin 2002 (Dolphin , 2012 (Dolphin , 2013 . They used a logarithmic age grid with 0.1 dex resolution from log(t/yr) = 8.5 − 9.9, and wider time bins at the oldest and youngest ages: log(t/yr) = 6.6 − 8.5 and log(t/yr) = 9.9 − 10.15. They adopted a Kroupa (2001) IMF for primary stars, with 30% of these assumed to have a binary companion.
Dust affects the features in the CMDs that provide constraints on the SFH and metallicity. Williams et al. (2017) incorporated prior knowledge of the dust distribution from the Dalcanton et al. (2015) dust maps (described in Section 2.3.1) in their modeling to disentangle the effects of dust and stellar population properties on the CMD features. Briefly, they adopted a lognormal A V distribution model in each SFH pixel and fixed the lognormal parameters based on the best-fit parameters from the Dalcanton et al. (2015) maps (see Williams et al. (2017) for a more detailed explanation). They also included a uniform foreground dust screen in the dust model, which was a free parameter independently fit in each SFH pixel.
The oldest main sequence turnoffs are not resolved in the PHAT CMDs because stellar crowding prevents reliable detection of fainter stars. This limits the ability of MATCH to simultaneously constrain the stellar metallicity and age, such that when both variables are allowed to be free in the fitting, unphysical variations in stellar metallicity at a given age between adjacent SFH pixels can occur. To ensure that the stellar metallicities vary smoothly in space and in time, Williams et al. (2017) fixed age-metallicity relations, adopting the exponentially declining enrichment rates that provided the best fits to the data in three radial bins such that inner regions enrich earlier. The stars formed in each age bin are still allowed span a range of metallicities. We have checked that our quantitive results and conclusions are not changed if we instead adopt the SFHs and enrichment histories recovered when the metallicities in each age bin were free parameters in the CMD modeling.
Finally, we note that the lack of constraints on the population of low-mass stars in the CMDs results in a systematic uncertainty in the normalization of the SFHs and total stellar mass formed. This uncertainty at the factor of ∼2 level is known to affect most stellar mass measurement techniques (e.g., Conroy 2013; Courteau et al. 2014) , and we will discuss the possible impact on our results in Sections 4.1 and 5 below. Williams et al. (2017) found best-fit SFHs using four different model sets to assess the systematic uncertainty due to the choice of stellar evolutionary tracks adopted in the CMD modeling. The four sets of stellar tracks considered are: Padova (Marigo et al. 2008; Girardi et al. 2010) , PAR-SEC (from the same group that produced the Padova models, Bressan et al. 2012) , BaSTI (Pietrinferni et al. 2004; Cassisi et al. 2006; Pietrinferni et al. 2013) , and MIST (Choi et al. 2016 ). The dust-free color of the RGB varies across these model sets, so a given observed RGB color implies slightly different metallicities for different models. We adopt the SFHs derived using the Padova stellar tracks for our fiducial calculations because these results give a total formed stellar mass and mean enrichment history that lie in the middle of the range spanned by the four model sets. Figure 2 shows the best-fit histories of star formation (left) and stellar enrichment (right) for these four different sets of stellar models. The fiducial SFHs and enrichment histories, using the Padova stellar tracks, are shown as solid blue lines, while the differently colored dotted lines show results for the other three model sets: PARSEC (orange), BaSTI (green), and MIST(purple). The left panel plots the total SFR in the PHAT area (summed over all SFH pixels) as a function of the age of the universe, with the corresponding redshift shown on the top axis for reference. The model SFR in each age bin is constant, but should be thought of as the average over the duration of each age bin since the SFR is variable over these timescales.
For the fiducial SFHs, the total formed stellar mass within the PHAT area is M PHAT , formed = 5.01 × 10 10 M , 78% of which is formed during the oldest age bin (at z 1). Finer time resolution is not possible for these old ages due to stellar crowding preventing the CMDs from resolving the ancient main sequence turnoffs. We compute R, the returned fraction of stellar mass, from the Padova stellar evolutionary tracks to find the fraction of stellar mass remaining, 1 − R. For the total PHAT SFH and enrichment history, we find that 60.3% of the formed stellar mass is present today, giving M PHAT = 3.02 × 10 10 M .
The right panel of Figure 2 shows the enrichment history for each of the four model sets, with the same color-coding as in the left panel. We plot the mass-weighted mean metal mass fraction (Z) of all new stars formed in each time bin against the age of the universe. The four model sets each adopt different solar metal mass fractions (Padova: Z = 0.019, shown as the dashed black line in the right panel of Figure 2 ; PARSEC: Z = 0.0152; BaSTI: Z = 0.0198; MIST: Z = 0.0142), and so a given metallicity relative to solar ([M/H]) corresponds to a different metal mass fraction for each model set. These differing conventions are the main cause of the variation in absolute stellar metal mass fraction across the four different enrichment histories; in particular, the low Z adopted in the MIST models is the reason why the purple dotted line lies below the rest in the right panel of Figure 2 . For the fiducial (Padova) enrichment history, the mass-weighted mean stellar metallicity is Z = 0.013, or [M/H] = −0.16.
We use the SFHs and enrichment histories obtained from each of the four different model sets to assess the impact of systematic uncertainty due to choice of stellar evolutionary tracks on our calculations of stellar metal content (Section 2.1.2) and metal retention in M31 (Section 4). The random uncertainties on the SFR in each age bin are of order 20%, generally less than the typical variation among SFRs derived for different stellar evolutionary tracks.
Metal Mass in Stars
Here, we compute the total metal mass present in stars and its spatial distribution. The Williams et al. (2017) SFHs are broken down into 24 bins of [M/H] at each age, so that the average SFR is measured in a grid of age and metallicity. We calculate the stellar mass formed as the SFR in each age and metallicity bin multiplied by the width of the age bin, and by the metal mass fraction, Z = Z × 10 [M/H] , to get the total metal mass in stars formed in each age and metallicity bin.
We calculate the fraction of stellar mass that remains locked into stars formed at a given age and metallicity, 1−R, from the Padova evolutionary tracks. For the old stellar populations ( 5 Gyr old) that dominate the stellar mass in M31, ∼ 60% of the formed mass is present today. A larger fraction of stellar mass remains for younger populations, but these contribute only 17% of M PHAT , formed . Over all SFH pixels, the fraction of stellar mass remaining varies only slightly, between 59.1% and 62.1%.
We obtain the metal mass in stars currently present in each SFH pixel, M metal , by summing over all ages and metallicities:
(1) Integrating M metal over all SFH pixels, we find 3.92 × 10 8 M of metal mass currently present in stars. Finally, we calculate the metal mass surface density in stars as Σ metal = M metal /A pixel , where the de-projected pixel area is 0.43 kpc 2 . The radial profile of Σ metal is shown as the solid red line in the left panel Figure 3 .
The dominant source of uncertainty in Σ metal is the choice of stellar evolutionary tracks. We calculate bounding minimum and maximum values of the metal mass content of stars in each SFH pixel using the stellar MDFs found for the stellar tracks that give the highest and lowest stellar metal masses: BaSTI and MIST, respectively. Relative to the fiducial calculation using the Padova models, the total metal mass present in stars is 21% higher for BaSTI and 32% lower for MIST. The red shaded region in the left panel of Figure 3 shows the range spanned by these bounding calculations.
Few precise stellar metallicity measurements are available for individual stars in M31, so we are limited to the approximate stellar metallicities from CMD-modeling. We have checked that using the Williams et al. (2017) stellar enrichment histories results in a radial stellar metallicity gradient similar to that found by Gregersen et al. (2015) , who used the colors of the RGB in PHAT to measure the metallicity gradient of evolved stellar populations.
Gas
Maps of Hydrogen Content
To calculate Σ H , we consider only the cold ISM gas, the most commonly and easily observed gas phase. Metals certainly reside in the extended, hot, gaseous halo, but their metallicity is not traced by HII region abundances. By excluding any hot corona or halo from our metal analysis, we are implicitly leaving that component as a reservoir for any missing metals.
We use the Braun et al. (2009) map of 21 cm emission that covers the entire disk of M31. The 21 cm observations were taken with the Westerbork Synthesis Radio Telescope (WSRT) and flux-corrected using single-dish data from the Green Bank Telescope (GBT). We assume that the gas is optically thin throughout and multiply the 21 cm emission map by 1.823 × 10 18 cm −2 (K km s −1 ) −1 to calculate the column density N HI . The dominant source of uncertainty in this map is the flux calibration of the single-dish data, at the level of 10-20%. Braun et al. (2009) argue that the H I is optically thick in some regions, meaning that the H I mass could be higher by up to ∼ 30%. We therefore include this possibility in our systematic uncertainty budget as a possible upward revision in the total metal mass.
We use the CO(1-0) emission map from Nieten et al. (2006) as a tracer of the molecular gas phase. The observations were made with the IRAM 30m and cover the central 12 kpc of M31. The data do not cover the entire PHAT area, but the fractional contribution of H 2 to the total hydrogen mass outside the coverage area is likely to be even lower than the central 12 kpc value of 12%. Therefore, our estimate of the hydrogen mass surface density in the outer regions will be at most ∼ 10% too low.
We multiply the CO(1-0) emission map by a constant X CO = 2 × 10 20 cm −2 (K km s −1 ) to calculate the molecular hydrogen column density N H2 . The assumed X CO is the most uncertain ingredient in this calculation, but the level of systematic uncertainty is poorly constrained. We allow for 50% uncertainty in the range of possible hydrogen mass surface densities.
Both the H I and H 2 maps have pixel sizes smaller than the SFH pixels, but we require the average column densities within each SFH pixel for our calculations. We use MON- Finally, we convert the column density maps to mass surface density maps, converting from cm −2 to M kpc −2 using the known physical size of the SFH pixels and correcting for projection effects. Calculating Σ H = Σ HI + Σ H2 and summing over all SFH pixels, we find a total of 1.37 × 10 9 M of hydrogen within the PHAT footprint. 87.3% is in H I and 12.7% is in H 2 , consistent with previous findings.
Metal Mass in the Neutral ISM Gas
Gas-phase metallicity (12 + log(O/H), the abundance of oxygen atoms relative to hydrogen) is measured by modeling the emission lines from H II regions, or by using simple conversions between strong emission line ratios and metallicity that are calibrated using eithertheoretical models or empirical measurements. In M31, the gas-phase metallicity is consistently found to decrease with radius, but the gradient is quite shallow (Zaritsky et al. 1994; Sanders et al. 2012; Zurita & Bresolin 2012 ). The overall normalization of the metallicity is less well-constrained, given the systematic differences of up to 0.7 dex between metallicity measurement techniques (Kewley & Ellison 2008) .
We calculate the metal content of the ISM gas using the gas-phase metallicity gradients from Sanders et al. (2012) . 1 http://montage.ipac.caltech.edu They measured gas-phase metallicities of individual HII regions across the M31 disk using several different strong emission line calibrations and computed the resulting abundance gradients. We have verified that the measured metallicity gradients do not change if they are fit to the metallicities of only the HII regions that fall within the PHAT footprint. For our fiducial calculations, we adopt the gradient found for metallicities computed using the Nagao et al. (2006) relation between gas-phase metallicity and [N II]/Hα, which is available for more H II regions than other line ratios, and which also has the benefit of being insensitive to uncertain dust corrections. Their measured log(O/H) gradient of −0.02 dex kpc −1 for this calibrator is consistent with other results in the literature. The Nagao et al. (2006) calibration is semi-empirical, based on metallicity measurements using the Kewley & Dopita (2002) theoretical calibration. These oxygen abundances are scaled up by 0.22 dex to correct for oxygen depletion onto dust grains (Dopita et al. 2000) , so we scale down the normalization of the Sanders et al. (2012) [N II]/Hα gas-phase metallicity gradient by −0.22 dex to avoid double-counting the metals in dust. We discuss our calculation of metals in dust in Section 2.3 below.
We calculate the number density of oxygen atoms relative to hydrogen in each SFH pixel using the Sanders et al. (2012) metallicity gradient. The abundance ratio O/H is then converted to a mass ratio by multiplying by the ratio of oxygen to hydrogen atomic masses, and the product of this mass ratio with Σ H (calculated in Section 2.2.1 above) gives the oxygen mass surface density. Finally, we divide by the so-lar oxygen-to-metal mass ratio from the Anders & Grevesse (1989) abundance set, Z(O)/Z = 0.501, to calculate the total metal mass surface density in the neutral gas phase. In summary, the metal mass surface density is calculated as:
The radial profile of Σ gas metal is shown as the solid blue line in the left panel of Figure 3 . Integrating over all SFH pixels, we find 3.02 × 10 7 M of metal mass currently present in the neutral ISM within the PHAT footprint, an order of magnitude lower than the metal mass in stars. Taking the total metal mass in the neutral ISM divided by the total mass in H I and H 2 , we find an average metal mass fraction of 0.022, which is higher than any commonly used values of Z , but only 16% higher than our fiducial Z = 0.019. The massweighted stellar metal mass fraction is sub-solar, 41% lower than the gas-phase metal mass fraction. This finding is in line with the expectation that the metal content of M31 was lower early in its history when most of its stars were formed.
The choice of metallicity calibration is one of the major uncertainties in the gas-phase metal mass calculation. Because the normalization of the abundance gradient for the Nagao et al. (2006) [N II]/Hα calibration lies at the high-metallicity end of the range, the gas phase metal content in our fiducial calculation may be biased high. This choice should yield a conservative upper limit on the metal retention fraction, and therefore a lower limit on the required metal loss. We calculate a lower bound on the allowed range of metal mass in the neutral ISM using the Pilyugin & Thuan (2005) empirically calibrated relation using [O III] and [O II] emission lines, which is known to give metallicities that are systematically low. This metallicity calibrator does not account for metal depletion onto dust grains, so no scaling is required to remove the metals locked into dust from the gas phase metal budget.
We calculate a minimum bound on Σ gas metal assuming the lowest allowed hydrogen mass surface density within the uncertainties described in Section 2.2.1 and the best-fit radial metallicity gradient for the Pilyugin & Thuan (2005) metallicities. Similarly, the maximum bound is calculated using the highest allowed hydrogen content and the metallicity gradient for the Nagao et al. (2006) metallicities. The resulting range of Σ gas metal is 51% lower to 27% higher than for the fiducial calculation, and is shown as the shaded blue region in the left panel of Figure 3 . For comparison, the scatter in individual H II region metallicities about the best-fit radial gradient is at the level of ±0.2 dex for the Nagao et al. (2006) calibration.
Dust
Map of Dust Content
Finally, we calculate the metal mass in dust grains using a map of the dust extinction, A V , within the PHAT footprint from Dalcanton et al. (2015) , who modeled the effect of dust on the morphology of the red giant branch in the NIR CMD. They assumed that the stars in a given 3.3 × 3.3 region experience a range extinction and adopted a lognormal probability distribution function (PDF) for A V (described by a medianÃ V and spread σ). The model also includes a reddened fraction, 0 < f red < 1, describing the fraction of stars in each region lying behind the dust layer, while the remainder of the stars are in front of the dust and therefore experience no attenuation. This approximation is appropriate for evolved stellar populations whose scale height is large relative to the thin dust layer. Dalcanton et al. (2015) produce a high-resolution map of the best-fit medianÃ V , from which we calculate the mean A V in each SFH pixel. The total extinction PDF within the PHAT footprint peaks at A V = 0.96, with a long tail to higher values. The central 95% ofÃ V spans the range 0.05 − 2.1. Typical uncertainties onÃ V are at the 20% level, though up to 50% in low-dust regions where the dust model parameters are poorly constrained. These more uncertain, low-dust regions contribute only a small amount to the total dust mass budget.
Metal Mass in Dust
Dust extinction scales linearly with the dust mass surface density. We use the scaling given by Draine & Li (2007) to calculate Σ dust from the average A V measured within each SFH pixel. However, this dust model has been found to predict extinctions in M31 that are ∼ 2.5× higher than the A V maps found by other authors using different measurement techniques Planck Collaboration et al. 2016b) . It remains unclear whether this systematic offset is driven by uncertainties in the conversion from IR luminosity to Σ dust , or from Σ dust to A V . If the former, then our calculation of Σ dust from the A V map would be unaffected, but if the latter, then we should scale down our Σ dust obtained from the Draine & Li (2007) model.
We adopt the constant renormalization recommended by Dalcanton et al. (2015) , scaling down Σ dust from the Draine & Li (2007) model by a factor of 2.53 in our fiducial calculation. This choice gives an integrated gas-to-dust ratio of 99.8, consistent with previous measurements for the northern disk of M31 (Leroy et al. 2011) . We assume that dust is entirely composed of metals, such that Σ dust metal = Σ dust . The radial profile of Σ dust metal is shown as the solid orange line in the left panel of Figure 3 . We find a total of 1.37 × 10 7 M of metal mass in dust within the PHAT footprint.
We calculate a lower bound on Σ dust metal by allowing the A V measurements to decrease by 20%, the minimum allowed within the measurement uncertainties. For the upper bound, we assume that Σ dust metal obtained from the Draine & Li (2007) model is correct without the factor of 2.53 reduction. These choices give a range of possible Σ dust metal 20% lower to 153% higher than found for the fiducial calculation, shown as the shaded orange region in the left panel of Figure 3 . Though this is a large range, the majority of metal mass present in the M31 disk is in stars, so the dust mass uncertainty does not dominate the systematic uncertainty budget.
Total Present Metal Mass and Its Distribution
As referenced above, we present the radial profiles of the metal mass surface density and the contribution of metals in stars, gas, and dust in the left panel of Figure 3 . All surface densities are averaged in 1 kpc wide annuli. The solid grey line shows the radial profile of the total metal mass surface density, while the colored lines show the radial profiles for each metal reservoir: Σ metal (red), Σ gas metal (blue), and Σ dust metal (orange). The shaded regions show the minimum and maximum bounds allowed within the systematic uncertainties (described in Sections 2.2-2.3 above).
The right panel of Figure 3 shows the fraction of metal mass surface density residing in each metal reservoir as a function of radius, with the same color-coding as in the left panel. Only the results for the fiducial calculation are shown. Σ metal contributes most to the total metal mass surface density at all radii, but especially in the inner ∼ 8 kpc. The gas surface density is very low in this central region and does not harbor many metals, so over 90% of metal mass is in the stellar component. In the outer regions, however, the gas and dust contribute up to 35% of the metal mass surface density in the most gas-rich annuli.
We find a total of 4.28 × 10 8 M of metal mass present in the PHAT region of M31 for our fiducial calculations. Of this metal mass, 91.7% is in stars, 5.1% is in the neutral ISM, and 3.2% is in dust. The stellar mass surface density is highest in the central regions, where the metal mass in stars dominates over the other components. So even though the neutral gas and dust are important metal reservoirs in the outer annuli, the metals in stars dominate the present-day metal census in M31. Within our systematic uncertainty budget, the allowed range of present metal mass is 3.57 − 5.16 × 10 8 M . Peeples et al. (2014) have performed a similar accounting of metal mass in stars, gas, and dust across the local galaxy population. Their analysis employs scaling relations between metallicity, gas mass, and dust content and galaxy stellar mass to estimate the total metal mass present in the stars, gas, and dust as a function of stellar mass. This is a powerful approach to measuring metal retention in a statistical sense, but is limited by the intrinsic scatter in the various scaling relations employed. We compare our measured present and produced metal mass in M31 to estimates from the statistical analysis of Peeples et al. (2014) .
For a galaxy of M31's stellar mass (10 11 M ), Peeples et al. (2014) find 1.7 × 10 9 M of metals present. We calculate the present metal mass in the M31 disk by scaling up the metal mass currently in the PHAT area, assuming azimuthal symmetry and extrapolating the metal production surface density between 1 − 2 kpc inward to account for the contribution of the central 1 kpc. We find 1.1 × 10 9 M of metals in the disk of M31 (r < 19 kpc), which is 35% lower than the Peeples et al. (2014) value. The fraction of metal mass found in stars, gas, and dust by Peeples et al. (2014) is 75%, 15%, and 10%, respectively. These differences suggest that M31 would be an outlier from the average metal census of Peeples et al. (2014) , particularly in terms of the relative importance of the various metal reservoirs.
THE SPATIALLY AND TEMPORALLY RESOLVED HISTORY OF METAL PRODUCTION
In this section, we calculate the history of metal production in M31 and the total metal mass produced. We introduce our model of metal production following a burst of star formation and discuss the major sources of systematic uncertainty. We combine the metal production model with the spatially resolved Padova SFHs (described in Section 2.1.1) to calculate the history of metal production by each nucleosynthetic source. We assess the effect of using SFHs derived using different stellar evolutionary tracks on the total metal production. Finally, we assume azimuthal symmetry to scale up the metal production within the PHAT footprint to find the total metal mass produced in the M31 disk (at r < 19 kpc).
Model of Metal Production
Here, we describe our fiducial model of metal production by Type II SNe, asymptotic giant branch (AGB) stars, and Type Ia SNe in turn. We discuss how we bound the range of possible metal yields due to the major sources of systematic uncertainty in each calculation. These three nucleosynthetic sources account for most newly formed metal mass because they dominate the production of the most abundant elements. More exotic and rare processes (e.g., neutron star mergers) also produce new metals, but these events typically dominate the production of certain rare elements. Because these do not contribute much to the total metal mass, neglecting rarer metal production sources does not affect our results.
For each nucleosynthetic source, we construct a model of metal production rate as a function of time following a star formation event. For Type II SNe and AGB stars, we assume that new metals are returned to the ISM at the end of the star's lifetime. We assume that the lifetime of a 1 M star is 10 Gyr and adopt a power-law relation between stellar mass and age (Prialnik 2009 
Throughout, we adopt a Kroupa (2001) IMF for consistency with the assumptions made in deriving the SFHs (see Section 2.1.1). The choice of IMF strongly affects the predicted metal yields, because the IMF dictates the number of high-mass stars that are available to produce Type II SNe, which dominate overall metal production, per solar mass of new stars formed. It is known that varying the choice of IMF causes the metal yield to vary by up to a factor of three (Vincenzo et al. 2016) , such that shallower slopes at the lowmass end (e.g., Kroupa 2001; Chabrier 2003) result in more metal production per unit mass of formed stars. However, if an IMF that produced more low-mass stars were adopted in the CMD modeling (e.g., Salpeter 1955) , then the recovered SFHs would change such that the overall stellar mass formed increased. The decreased metal production per mass of stars formed for that steeper low-mass IMF would roughly counteract the increase in overall stellar mass formed. Because the CMD-based SFHs that we have adopted were derived assuming a Kroupa (2001) IMF, we adopt the same IMF throughout this work to maintain consistency, and do not include the uncertainty in the IMF in our systematic uncertainty budget.
In this paper, we define the metal yield as the ratio of newly produced metal mass to the formed stellar mass. Elsewhere in the literature, metal yield values include a factor of 1/(1 − R), where R is the returned fraction, to scale the yield to present-day stellar mass. Our quoted "metal yields" are therefore not directly comparable to some other papers.
Type II Supernovae
High mass stars ( 8 M ) produce most new metal mass as they end their lives, expelling metals in winds and during their explosive deaths as Type II SNe. These explosive events are also important sources of energetic feedback to the ISM, driving turbulence and even removing gas from regions where vigorous star formation is ongoing. Type II SNe dominate the production of α-elements (e.g., O, Si) which are often used to trace the physical state of gas within galaxies.
We adopt metal yields from the Nomoto et al. (2013) stellar models, which are available for several discrete initial stellar masses in the range of 13 − 40 M and for four metallicities ranging from Z = 0.001 − 0.02. Metallicity weakly affects the metal production by Type II SNe, in the sense that the lowest metallicity models produce ∼ 20% more metal mass than the highest metallicity models. We construct metal production models for each metallicity to properly account for variation in metal production due to the enrichment history of M31 in Section 3.2 below, but for simplicity, present here a fiducial model with Z = 0.008, which is closest to the mass-weighted mean metallicity of stars in M31.
We assume that stars between 8 − 40 M explode as Type II SNe and return metals to the ISM, so we extend the 13 M yield down to 8 M . Though stars more massive than 40 M likely do explode as SNe, these most massive stars probably form black hole remnants. Our fiducial model assumes that any newly produced metals fall back onto these remnants and never return to the ISM; this is a standard assumption in chemical evolution modeling (e.g., Poulhazan et al. 2018 ).
The fiducial metal production rate by Type II SNe as a function of time following a burst of star formation is shown as the solid blue line in the left panel of Figure 4 . The metal production rate is normalized to 1 M of stellar mass formed. For reference, the lowest metallicity Type II SNe metal production model is shown as the dotted blue line. The total metal mass produced up to a given time by Type II SNe is shown as the solid blue shading in the right panel of Figure 4 . All metal production by Type II SNe occurs within 50 Myr of the burst. The metal yield for Type II SNe is 0.01878 for this model, or 81.3% of the total metal yield over a Hubble time.
The major uncertainties in the metal production by Type II SNe are (1) the highest stellar mass star that returns metals to the ISM (Vincenzo et al. 2016) ; and (2) the variation among theoretical yields, and in particular, whether the effects of winds and rotation are taken into account (Romano et al. 2010 ). The adopted Nomoto et al. (2013) metal yields do not include stellar rotation or pre-supernova metal production, and so may underestimate the total metal production by high mass stars.
To calculate a minimum bound on the Type II SN metal production, we assume that all stars above 25 M collapse to black holes and do not return metals to the ISM (following Emerick et al. 2018) , and use the highest metallicity model. For the maximum bound, we allow stars up to 100 M to return metals to the ISM (following Oppenheimer & Davé 2008; Peeples et al. 2014) , use the lowest metallicity model, and increase the metal yields by 30% to account for the typical impact of stellar rotation and pre-SN metal production (Romano et al. 2010) . Our resulting allowable range of Type II SNe metal yields is between 47% lower and 132% higher than the fiducial model.
Asymptotic Giant Branch Stars
Low-and intermediate-mass stars become AGB stars and undergo substantial mass loss as they end their lives. These stars return new metals to the ISM over much longer timescales following a burst of star formation than Type II SNe, as even ∼ 1 M stars (with 10 Gyr lifetimes) go through an AGB phase. The total metal mass produced by AGB stars is small compared to Type II SNe, but AGB stars produce a large fraction of a few common elements, including C and N. Total metal production (and the relative production of different elements) during the AGB phase depends strongly on the initial metallicity of the star. Left: The metal mass production rate, including all metal species, from Type II SNe (blue), Type Ia SNe (orange), and AGB stars (green) as a function of time following an instantaneous burst of star formation, normalized to 1 M of stars formed. The solid lines show our fiducial model (adopting stellar metallicity Z = 0.008, similar to the mass-weighted mean stellar metallicity in M31), while the dotted lines illustrate how metal production by Type II SNe and AGB stars changes for the lowest stellar metallicity models (Z = 0.0001). Right: The cumulative metal mass formed up to a given time following the burst by each nucleosynthetic source for the fiducial model (the solid lines in the left panel). Type II SNe dominate the overall metal production, but all new metal mass produced after 50 Myr following the burst is due to AGB stars and Type Ia SNe.
We use the metal yields from the AGB star models of Karakas (2010) , spanning initial stellar masses 1 − 6 M and metallicities Z = 0.0001 − 0.02. AGB metal production is more sensitive to the stellar metallicity than for Type II SNe. Again, we construct metal production models for each available metallicity and properly account for the enrichment history when calculating the metal production history of M31 in Section 3.2 below, but discuss the Z = 0.008 model here. We assume that stars with initial masses of 1 − 8 M become AGB stars and return metals to the ISM, but the Karakas (2010) models only go up to 6 M . We therefore extend the yield of the 6 M model up to 8 M .
We show the metal production rate by AGB stars with initial metallicity Z = 0.008 as the green solid line in the left panel of Figure 4 . For comparison, the metal production by metal-poor AGB stars (Z = 0.0001) is shown as as the dotted green line. Metal production by AGB stars begins when Type II SNe metal production ends, at 50 Myr after a star formation episode, and continues up to 10 Gyr. Lower mass AGB stars produce less new metal mass per star, but because they are more numerous than higher mass stars, they contribute appreciably to new metal production long after the star formation episode.
The metal yield from AGB stars up to a given time is shown as the green shaded region in the right panel of Figure 4 . This plot demonstrates that the contribution of AGB stars to the total metal mass produced is small compared to Type II SNe, and most AGB metal mass is returned in the first few Gyr following the star formation episode (see the flattening of the green shaded region after ∼ 10 9 yr). The metal yield for the fiducial (Z = 0.008) AGB model is 0.00187, or 8.1% of the total metal yield.
The major source of uncertainty in the AGB metal production is the sensitivity of the metal yield to the initial metallicity of the star. The details of this dependence vary across different theoretical metal yield calculations (e.g., Marigo 2001; Gavilán et al. 2005) , and the stellar enrichment histories are only roughly constrained from CMD modeling. We calculate very conservative minimum and maximum bounds by fixing the initial stellar metallicity to the maximum (Z = 0.02) and minimum (Z = 0.0001) values, respectively, for which models are available from Karakas (2010) . This results in allowed AGB metal yields ranging from 60% lower to 84% higher than the Z = 0.008 model, which is most similar to the mass-weighted mean stellar metallicity in M31.
Type Ia Supernovae
The final nucleosynthetic source in our model is Type Ia SNe, which dominate production of the iron-peak elements (e.g., Fe, Ni). It is thought that the progenitors of Type Ia SNe are white dwarfs (WDs), formed from stars that were initially ∼ 3 − 8 M . However, the exact mechanism that produces the explosion is still under debate; theoretical models and observations have yet to converge on a consistent picture. The Type Ia SN rate as a function of time following a burst of star formation is called the delay time distribution (DTD). There is much ongoing observational effort to constrain the form of the DTD and the time interval following a burst during which Type Ia SNe explode.
We take an empirical approach and adopt a DTD based on a compilation of measurements from Maoz et al. (2014) . The power-law slope (t −1 ) and normalization (4 × 10 −13 SN yr −1 M −1 ) from Maoz & Mannucci (2012) lie roughly in the middle of the range of DTDs found by various authors; this slope is in line with theoretical expectations for the "double degenerate" scenario where two WDs merge to produce the SN explosion. We assume that the first Type Ia SN occurs 100 Myr after a star formation episode (Schawinski 2009; Anderson et al. 2015) , roughly the lifetime of a 5.5 M star. To calculate the metal production rate, we adopt the metal yield per Type Ia SN from the W7 deflagration models of Tsujimoto et al. (1995) . Because the nature of Type Ia SNe is still poorly understood, we do not attempt to model the effect of progenitor metallicity on new metal production.
The fiducial Type Ia SNe metal production rate as a function of time following a starburst is shown as the orange line in the left panel of Figure 4 . Again, the total metal mass produced by Type Ia SNe, normalized to 1 M of stars formed, up to a given time is shown as the orange shaded region in the right panel. The total metal yield over a Hubble time is 0.00245, or 10.6% of the total metal yield in the fiducial model. Our model does not include a break in the power-law DTD at long delay times following the star formation episode (this possibility was disfavored by Heringer et al. 2017) , and so even the earliest star formation episodes continue to produce Type Ia SNe, and therefore new metal mass, at a low rate up to the present.
To bound our minimum and maximum allowed Type Ia SNe metal production, we vary the parameters describing the DTD: (1) the time after the star formation event when the first Type Ia SN explodes (45-100 Myr, the lifetimes of 8 and 5.5 M stars, respectively); (2) the power-law slope (t −1 for the minimum and t −1.5 for the maximum model, following Heringer et al. 2017); and (3) the normalization (1/4 − 2 times the fiducial value, to span the range of observational constraints presented in Maoz et al. 2014 ). The resulting range of allowed metal yields due to Type Ia SNe is between 75% lower and 255% higher than the fiducial calculation.
The History of Metal Production in M31
Here, we combine the metal production model (Section 3.1, Figure 4 ) above with the spatially resolved SFHs from PHAT (Section 2.1.1, Figure 2 ) to calculate the metal production history in each SFH pixel. Stars formed in each age bin span a range of metallicity, which affects the metal production by Type II SNe and AGB stars. To properly track the contribution to metal production by stars of different metallicities, we divide the SFHs into four bins of metallicity, where each bin is centered on one of the four values of Z sampled by the Karakas (2010) and Nomoto et al. (2013) models. We then convolve the SFH in each metallicity bin with the appropriate metal production model for that metallicity. This division ensures that we capture the changing metal production by AGB stars and Type II SNe as the galaxy becomes more metal rich.
The left panel of Figure 5 presents the resulting total metal production rate as a function of time. The colored solid lines show the fiducial metal production history by each nucleosynthetic source, where color-coding is the same as in Figure 4 . The shaded regions show the range of metal production histories allowed by considering extreme choices that one could make in the metal production model (described in Sections 3.1.1-3.1.3 above).
The cumulative metal mass produced by each nucleosynthetic source up to a given time is shown in the right panel of Figure 5 , with the same color-coding as in Figure 4 . Metal production is dominated by Type II SNe, and most metal mass is produced during the oldest age bin, at z 1. Up to the present day, 1.1 × 10 9 M of metal mass has been produced within the PHAT footprint, with 83.9% of that mass produced by Type II SNe, 9.7% by Type Ia SNe, and 6.4% by AGB stars. These fractional contributions are slightly different than those quoted for the Z = 0.008 model in Section 3.1 above for two reasons: (1) low-metallicity stars contribute more to AGB metal production, and (2) not all Type Ia SNe due to intermediate-age and recent star formation have exploded yet.
For the Padova SFHs, between 5.5 × 10 8 M − 2.8 × 10 9 M of metals may have been produced (between 50% lower and 148% higher than in the fiducial model) inside the PHAT footprint within the allowed range of systematic uncertainties in the metal production model. The total metal mass produced does change for SFHs derived using different stellar evolutionary tracks (PARSEC, BaSTI, or MIST; see Section 2.1.1), because each model set results in a different enrichment history and total stellar mass formed. For the fiducial metal production model, but using SFHs derived using different stellar evolutionary tracks, we find only modest differences from fiducial Padova case: the total metal production is just 13% higher for either BaSTI or MIST, and essentially unchanged for PARSEC.
We compare the metal production in the M31 disk for our fiducial model to the expected metal mass produced by a galaxy of M31's stellar mass calculated by Peeples et al. (2014) . Assuming azimuthal symmetry and extrapolating the metal production surface density between 1 − 2 kpc inward to account for the contribution of the central 1 kpc, we scale up the metal mass produced within the PHAT footprint and find that 2.9 × 10 9 M of metal mass was produced in the entire M31 disk (r < 19 kpc). This is less than half the value from Peeples et al. (2014) , who found 6.3 × 10 9 M of metal mass produced by a galaxy with M ∼ 10 11 M . This dis- Figure 5 . THE HISTORY OF METAL PRODUCTION IN M31. Left: The total metal production rate within the PHAT footprint due to Type II SNe (blue), Type Ia SNe (orange), and AGB stars (green) as a function of the age of the universe. Solid lines show the metal production history for the fiducial model, adopting the Padova SFHs and tracking the contributions of stars formed at different metallicities. The shaded regions illustrate the conservative range of systematic uncertainties due to the choice of parameters in the metal production model (discussed in Sections 3.1.1-3.1.3). Right: The cumulative metal mass produced within the PHAT footprint up to a given age of the universe for the fiducial model (the solid lines in the left panel). Most metal production occurred early, with 77% of metal mass formed in the oldest age bin (z 1). Type II SNe dominate the metal production, but the fractional contribution of the delayed metal production by AGB stars and Type Ia SNe increases from z ∼ 1 to the present. crepancy can be explained by different choices in the metal production models used in their work relative to ours, and is within the level of systematic uncertainty that we report in our metal production model. Figure 5 demonstrates that the relative contribution of different nucleosynthetic sources to new metal production changes over time. In particular, when the SFR drops from one age bin to the next (e.g., at the end of the oldest age bin), the Type II SNe contribute a smaller fraction of the new metals because the delayed Type Ia SNe and AGB star metal production rates are still elevated due to the higher SFR before the quenching event. Following a sudden drop in the SFR, this might change the abundance ratios in the ISM (elevating C, N, and Fe relative to α elements) from would be expected for a constant SFR, and these changes could persist over gigayear timescales if the SFR remains low. However, the magnitude of the change in abundance ratios depends on the amount of previously formed metals retained in the ISM. Most metals are produced at early times by Type II SNe, so if all of those metals are retained, the ISM abundance ratios will never deviate much (in a spatially averaged sense) from those of Type II SNe ejecta. Observational evidence of spatially coherent enhancements of AGB and Type Ia SNe nucleosynthetic products in ISM and/or stellar populations may therefore be leveraged as evidence of metal loss events.
RESULTS: METALS MISSING FROM M31
Here, we compare the total metal mass produced within the PHAT footprint to the current metals present in the same area. We then calculate the total metal mass missing from the M31 disk (at r < 19 kpc) under the assumption of azimuthal symmetry and present both the total and spatially resolved metal retention fraction, f retained . Throughout, we discuss the robustness of these results to systematic uncertainties and to possible confounding effects of stellar radial migration and hierarchical assembly.
Total Missing Metal Mass
We integrate the metal production histories over time to find the total metal mass produced in each SFH pixel, and then take the sum over all regions to calculate the metal mass produced across the PHAT footprint to find 1.1 × 10 9 M (Section 3.2). We compare this to the total metal mass currently present in stars, gas, and dust, 4.3 × 10 8 M (Section 2.4). The total missing metal mass from the PHAT region is the difference between the produced and present metal mass: 6.9 × 10 8 M , which is 61.6% of the total metal production. Therefore, we find f retained = 38.4% integrated over the PHAT footprint for the fiducial model. Within our conservative systematic uncertainty budget, we find allowed metal retention fractions 12.9% < f retained < 93.3%, corresponding to missing metal mass between 9.7 × 10 7 M − 6.3 × 10 9 M .
We illustrate the strong constraint that metal mass is missing in Figure 6 . The left panel shows the cumulative metal mass production history in the PHAT footprint as the solid blue line; the value at the oldest cosmic time is the total metal mass produced to the present day. The systematic uncertainty The shaded blue region shows the allowed range of metal production within our conservative systematic uncertainty budget, and the shaded purple range illustrates that about half of the total uncertainty is due to the unknown mup, the highest mass star that explodes as a Type II SN and returns metals to the ISM. We compare the total produced metal mass to the fiducial present-day metal mass, shown as the orange point with an errorbar to illustrate the allowed range within systematic uncertainties. Right: Visualization of how various model parameters contribute to the systematic uncertainty budget. Arrows indicate the direction and magnitude of the change in total produced or present metal mass if a given extreme parameter choice is made instead of the fiducial model parameter (see Section 3.1 for details). The choice of stellar evolutionary tracks (and the solar abundance set adopted by each) affects both the produced and present metal mass. No combination of model parameters can result in more metal mass present in the PHAT footprint in M31 than was produced there, requiring that f retained < 1. Furthermore, the systematic uncertainty budget allows more freedom for higher metal production per mass of stars formed, and therefore lower f retained than we find for our fiducial model. budget for the metal production model is shown as the blue shaded region, and the purple shaded region illustrates the large contribution to this budget of the unknown upper mass cutoff (m up ) of stars that explode as Type II SNe and return metal mass to the ISM. The orange point shows the presentday metal content of the same area, with an error bar to illustrate the minimum and maximum possible metal mass. There is no overlap between the uncertainty in the cumulative metal mass produced to the present and the uncertainty in the current metal mass content, so even within a very large systematic uncertainty budget, we can state confidently that f retained < 1.
The right panel of Figure 6 illustrates the effect of each uncertain model ingredient in our calculation of f retained , which were discussed in Sections 2 and 3.1 above. The blue and orange lines show the total metal mass produced and present, respectively, for our fiducial calculations. The major uncertainties in the metal production model are the upper mass cutoff, m up , the effect of stellar rotation on Type II SN yields, the poorly constrained Type Ia SN DTD (time to first supernova explosion, slope, and normalization), and the metallicities of the progenitor stars (i.e., uncertainties in the stellar enrichment history). The choice of stellar evolutionary tracks in the SFH derivations affect both produced and present metal mass, but cannot drive the total produced metal mass any lower; our fiducial Padova SFHs therefore give a conservatively high f retained . The dominant uncertainty in the present metal mass is the choice of stellar evolutionary tracks (and the adopted solar abundance sets for each) because most present metal mass is in the stellar component. Though the gas-phase metallicity (Z g ), hydrogen content, and normalization of the Draine & Li (2007) dust models are all uncertain, these cannot change the present-day metal budget much.
A final systematic uncertainty not illustrated in Figure 6 is the normalization of the SFHs and M . This quantity is inherently uncertain at the factor of ∼2 level (e.g., Conroy 2013; Courteau et al. 2014) due to the unconstrained contribution of faint, low-mass stars to the total M of a galaxy. However, an incorrect normalization of the SFHs would bias the produced metals and present metals in stars in the same direction (both either too high or too low). Therefore, a different normalization would change our f retained only slightly, but could change the missing metal mass substantially. As an example, if we reduce the SFH normalization by a factor of 1 2 , then for our fiducial model, we find f retained = 41.6% within the PHAT footprint, but that the total missing metal mass is 3.3 × 10 8 M . f retained increases slightly because fewer metals are in stars, so the metals in the neutral ISM and dust become more important, but the missing metal mass decreases by 47%. We discuss the uncertain missing metal mass further in Section 5.2 below.
The takeaway from this discussion of systematic uncertainties is that our claim that metals are missing from the PHAT footprint is very secure. To get a higher f retained , model uncertainties would have to conspire to yield lower metal production and higher present-day metal mass; e.g., a very low m up coupled with the highest possible stellar metal content. Our fiducial f retained of 38.4% is actually conservatively high; it is clear from Figure 6 that there is more freedom for higher produced metal mass and therefore lower f retained .
Using our calculations of the total present and produced metal mass in the entire M31 disk (assuming azimuthal symmetry) presented in Sections 2.4 and 3.2 above, we calculate that 1.8 × 10 9 M of metals are missing within r < 19 kpc. The metal retention fraction for the entire M31 disk is 38.3%, slightly lower than that in the PHAT area due to the higher contribution of regions at smaller radii, where metals are retained slightly less efficiently (see Section 4.2 below).
For comparison, Peeples et al. (2014) find that galaxies with M ∼ 10 11 M have retained about 25% of their metals, lower than the 38.3% that we find for M31. Relative to our calculations, Peeples et al. (2014) find 55% more present metals, but 115% more metal production. These differences together predict that a larger fraction of metal mass was lost.
A value of f retained = 25% is well within our systematic uncertainty budget, above our lower limit of 12.9%, so the discrepancy can be accounted for by different modeling choices.
The relatively low f retained found for M31 in both our study and in Peeples et al. (2014) imply that even high-mass galaxies have experienced significant mass loss; we consider this point quantitatively in Section 5.1 below.
We may ask whether hierarchical accretion would affect our calculation of integrated f retained . When a large galaxy like M31 consumes a smaller satellite galaxy, essentially all of the stars from the satellite end up in the central galaxy, but some gas might be stripped during infall. Because we expect lower-mass galaxies to lose a greater fraction of their gas due to their shallow potential wells (e.g., Tremonti et al. 2004; Peeples & Shankar 2011) , gas and metals are probably preferentially lost from the smaller progenitor galaxy before the merger even occurs. The removal of a greater fraction of gas (and the metals harbored in that gas) from the smaller satellite galaxy would drive the measured f retained in the central galaxy downward.
However, this effect is probably small. If the accreted galaxy is much smaller than the central (1: 10), then the accreted stars add less than 10% to the expected metal production. Even in the extreme case where all of the gas and metals produced by those stars were removed from the satellite and never made it into the central galaxy f retained would be biased low by less than 10% (i.e., f retained would decrease from 38.3% to 34.8%), well within the systematic uncertainty budget presented in Figure 6 . If the accreted galaxy is larger, then it is less likely to lose significant gas and metal mass due to its larger gravitational potential. Therefore, we expect less dilution of the measured f retained for more massive accreted satellites.
A competing effect is the accretion of pre-enriched material from the IGM, or via winds from external galaxies that are never accreted onto the central galaxy. These processes will add metal mass that was not produced by stars currently residing in M31, resulting in a higher observed f retained . The total metal mass accreted in this manner is not expected to be large, but may at least in part balance the tendency of hierarchical accretion to drive f retained slightly lower than its true value. Overall, the uncertainty due to hierarchical merging and accretion of pre-enriched gas is far smaller than our systematic uncertainty budget for f retained , so these effects will not bias our measurement of integrated f retained in M31.
Spatial Variation in Metal Retention
Here, we explore the spatial variation in f retained within M31 and the sensitivity of the radial metal retention profile to the choice of stellar evolutionary models and to the redistribution of stars within the disk. The left panel of Figure 7 shows a map of the PHAT region color-coded by f retained for the fiducial model, defined as as the ratio of present to produced metal mass surface density in each SFH pixel. The center of M31 lies near the bottom right corner of this plot, so regions at the largest radii are found in the top left corner. From this map, it is obvious that the metal retention is not uniform across the disk. The highest metal retention fractions are found in regions with the highest gas content, tracing the star-forming rings (purple areas). For our fiducial calculation, no SFH pixels contain more metal mass today than was produced there (i.e., f retained < 1 everywhere).
The right panel of Figure 7 shows the metal retention fraction averaged in 1 kpc wide annuli. The solid blue line shows the radial profile of f retained for our fiducial Padova SFHs. The dashed black line shows the total f retained for the PHAT footprint, 38.4%. The dotted lines show the results when the SFHs and enrichment histories derived using different stellar evolutionary tracks (and the solar abundances adopted by each model set) are used to calculate the produced and present metal mass. The results from PARSEC are shown in orange, BaSTI in green, and MIST in purple. Figure 7 shows a weak radial gradient in f retained , such that a larger fraction of produced metal mass is missing in the inner regions than in the outer regions. As discussed in Section 2.4 above, over 90% of present metal mass is in the stellar component. The fraction of produced metal mass retained in stars is roughly constant with radius, so this weak gradient is due to the increased contribution of neutral gas and dust to the present-day metal budget at larger radii. The metals in gas and dust are found predominantly in the gasrich rings near 10 and 17 kpc, causing f retained to increase by about 10% in the outskirts, relative to the gas-poor central regions.
There is little variation in the slope of the weak radial gradient among the four f retained profiles obtained from the different stellar evolutionary tracks. The fiducial Padova SFHs and the MIST SFHs both result in slightly steeper gradients than the BaSTI or PARSEC models. The uncertain ingredients in the metal production model only affect the normalization of the f retained radial profile, not the slope. The total f retained is similar among the Padova, PARSEC, and BaSTI models, but is lower for the MIST models (implying more metal mass loss). This is because the MIST models adopt a low Z relative to the other model sets, resulting in lower stellar metallicity and higher metal mass production, as illustrated in the right panel of Figure 6 .
The CMD-based SFHs are only sensitive to the presentday location of stars, not where they formed initially. Therefore, it is likely that both the metal production histories and present-day metal mass that we calculate at a given radius include contributions from star formation that actually happened at a range of radii.
The stars in the M31 disk have likely migrated radially away from their birth locations over many gigayear timescales. Generally, stars born at small radii experience a net outward migration, such that at a fixed radius in the disk, a greater fraction of stars currently present were born interior to that radius than exterior to it (Roškar et al. 2008; Bird et al. 2012 ). Furthermore, multiple lines of evidence suggest that M31 experienced a merger or interaction in the recent past (e.g., Hammer et al. 2018; D'Souza & Bell 2018) , including its dynamically hot disk (Dorman et al. 2015) , the wealth of structure in its stellar halo (Komiyama et al. 2018) , and the global burst of star formation ∼ 2 − 3 Gyr ago . Such an event would have further disrupted stellar orbits.
The redistribution of stars (and the metals they contain) within the disk of M31 does not affect our integrated f retained , but likely plays a role in shaping the shallow radial gradient in f retained that we measure. Stars are the dominant present-day metal reservoir at all radii in the M31 disk, and we find little variation the fraction of produced metals retained in stars as a function of radius. It remains entirely possible that there was a stronger radial gradient in metal retention that has been washed out by the redistribution of stars.
DISCUSSION: METAL EJECTION AND REDISTRIBUTION
We have compared the total metal mass produced in the M31 disk (r < 19 kpc) to a census of metals present today, and found that just 38% of metal mass has been retained in the disk for our fiducial model (Section 4.1) . Furthermore, we have demonstrated that no combination of model parameters can conspire to account for all produced metal mass in the M31 disk today, so f retained must be less than unity. Here, we use this result to constrain the lifetime-averaged mass-loading of outflows and the expected metal content of M31's circumgalactic medium (CGM). We then leverage the spatially resolved metal production histories (Section 3.2) to show that metals have likely been transported from the central regions outward within the disk over the past 1.5 Gyr.
Lifetime-Averaged Outflow Properties
The finding that even massive galaxies have lost metal mass over their lifetimes is consistent across several studies (Zahid et al. 2012; Peeples et al. 2014; Belfiore et al. 2016 ). The implication is that that metals have been entrained in gaseous outflows, removed from central galaxies, and deposited in their CGM and/or the intergalactic medium (IGM). Constraining past outflows from galaxies is a key goal of galaxy evolution studies; in particular, knowledge of the total gas mass lost from galaxies and its ultimate fate, as a function of galaxy stellar mass, would provide valuable insight into the operation of the cosmic baryon cycle.
The rate of metal loss from a galaxy is the product of the mass outflow rate with the metallicity of the outflowing material. The uncertain metallicity of outflows as a function of time is degenerate with the total gas mass lost over a galaxy's lifetime, given a measurement of metal retention fraction. However, we can calculate a lifetime-averaged metal ejection efficiency, ζ wind . Following Peeples & Shankar (2011) , this instantaneous quantity is defined as
where η wind , the ratio of mass outflow rate to star formation rate, is called the baryonic mass loading factor. We can calculate ζ wind for M31, integrated over the SFH, as the ratio of total metal mass lost to the total metal mass ever locked into stars. We find a lifetime-averaged ζ wind = 1.05 in M31 for our fiducial model, consistent with recent instantaneous measurements of metal-enriched outflows of M ∼ 10 10−11 M galaxies (Chisholm et al. 2018 ) and with theoretical expectations based on analytic modeling of the observed massmetallicity relation (Peeples & Shankar 2011) . Adopting our models that produce the minimum and maximum missing metal mass, we find that 0.05 < ζ wind < 4.6 within conservative systematic uncertainties. We can use our fiducial model to place an upper limit on the average mass loading of outflows from M31 by assuming Z wind Z ism , since there is no physical reason that outflows should be metal-poor compared to the ambient gas. Outflows may be enriched relative to the ISM metallicity because the gas entrained in the outflows is likely to be dominated by supernova ejecta. In this case, η wind 1.05, meaning that M31 could have ejected as much gas as has gone into forming stars (but no more). A value of η wind ∼ 1 is consistent with the findings of Belfiore et al. (2016) , who assumed Z wind = Z ism in their chemical evolution modeling of NGC 628, a galaxy whose stellar mass is ∼ 10× lower than that of M31, and found that their spatially resolved metal budget is welldescribed by a constant mass-loading factor of 1.
Recent zoom-in simulations of galaxies with state-of-theart feedback models (e.g., Anglés-Alcázar et al. 2017) have found an average η wind ∼ 0.6 for galaxies roughly the mass of M31. If we adopt this value, then from our measurement of ζ wind = 1.05 we find that past outflows must have been metal-enriched compared to the ISM gas, with an average Z wind /Z ISM = 1.75. This number is consistent with observational constraints suggesting that metal-enriched outflows are common (e.g., Martin et al. 2002; Chisholm et al. 2018) .
The Metal Content of the M31 CGM
Galaxies are now known to harbor massive, gaseous halos that mediate the exchange of baryons and metals between galaxies and the IGM (Tumlinson et al. 2017 ). The CGM of L * galaxies are ubiquitously metal-enriched (e.g., Lehner et al. 2013; Werk et al. 2014; Prochaska et al. 2017) , likely harboring a large fraction of metals that have been ejected from their central galaxies via outflows. The standard method of studying the CGM is to measure the absorption by CGM material in the spectra of quasars whose sightlines pass through the CGM of foreground galaxies. For the vast majority of CGM detections, we only sample a single line of sight, and so it remains unclear how the properties of the CGM vary within a single halo (vs. halo-to-halo variability).
M31 is a unique target for characterizing the CGM of an L * galaxy using many quasar sightlines because it is nearby and subtends a large area on the sky. Lehner et al. (2015) have used this technique to place a lower limit on the CGM metal content of 2 × 10 6 M (within the inner 50 kpc) using detections of Si absorption along several quasar sightlines through the M31 CGM. Extrapolating out to the virial radius, these authors calculate a total of 1.4 × 10 7 M of metals in M31's CGM.
As reported in Section 4.1 above, 1.8 × 10 9 M of metal mass is missing from the M31 disk (at r < 19 kpc) according to our fiducial model. Within our conservative systematic uncertainty budget, the missing metal mass could range from 9.7 × 10 7 M − 6.3 × 10 9 M . In the scenario where all ejected metals and baryons are now harbored in the CGM, the metal mass missing from M31 can be viewed as a predicted lower limit on the expected metal content of the M31 CGM, given that additional metals could have been ejected from the outer disk of M31 (at r > 19 kpc), or deposited from pre-enriched material accreted from the IGM.
Adopting our fiducial calculation, we predict that if all metals missing from M31 were retained in the CGM, then the metal content of M31's CGM is over a factor of 100 larger than the metal mass found by Lehner et al. (2015) . Even our lowest allowed missing metal mass is a factor of ∼ 7 larger than the observational constraint. Allowing a further reduction by a factor of 2 due to uncertainty in the SFH normalization, we still find that the M31 disk is missing ∼ 3.5× more metal mass than the observed CGM metal content; we emphasize that this is an extremely conservative minimum missing metal mass. Even if all systematic uncertainties conspire to produce the lowest possible missing metal mass, we still expect that more metals have been removed from the M31 disk than have been accounted for in M31's CGM to date. This result strongly suggests that some metal mass has been removed from both M31's disk and CGM, possibly escaping to the IGM. L * galaxies like M31 are known to span a wide range of CGM metallicities (−1.5
[Z/H] 0.5), and likely vary strongly in time (Lehner et al. 2013; Werk et al. 2014; Prochaska et al. 2017) . We can place a lower limit on the gas mass in M31's CGM by assuming its metallicity lies at the high end of the observed distribution, ∼ 3Z , and adopting our fiducial missing metal mass of 1.8 × 10 9 M . With these assumptions, M31's CGM would contain at least 3 × 10 10 M of hydrogen, or about one third of the stellar mass of M31. Similarly, if M31's CGM has a more typical, sub-solar metallicity, then its hydrogen content would exceed the stellar mass of M31 for our fiducial metal loss calculation. Future characterization of the M31 CGM will clarify whether most metal mass formed in M31 might remain in the halo, or whether outflows must have driven material into the IGM.
Recent Metal Transport within the M31 Disk
In this section, we leverage our knowledge of the metal production history and enrichment history of stars to calculate the lookback time before which outflows must have occurred. We cannot measure when the metals were deposited into the neutral ISM and in the dust, but since we know the stellar enrichment history, we do know when metals were incorporated into the stars formed in a given age bin. To assess whether metals must have been removed from the PHAT footprint since a given lookback time, we calculate the differ- Map of the difference between the total metal mass produced in each SFH pixel in the past 1.5 Gyr and the metal mass present there that could have been formed since that time, calculated as the sum of metal mass in the neutral ISM, in dust, and in stars that formed in the past 1.5 Gyr. SFH pixels colored blue (near the center of the disk) have produced more metals since 1.5 Gyr ago than can be accounted for in those regions, while red SFH pixels harbor an excess of present-day metal mass that could have been produced recently. This map shows that although no net metal loss from the PHAT footprint is required in the past 1.5 Gyr, recently produced metal mass is preferentially missing from the central regions and may have been transported outward in the disk. ence between total metal mass formed since that time and the total metal mass that is present in the stars formed since then, in the neutral ISM, and in dust. If this difference is positive, then more metal mass was formed since that lookback time than could possibly have been incorporated into the neutral ISM, dust, and recently formed stars, and so metal mass must have been removed over that time interval. We calculate the required metal mass loss since the beginning of each time bin, integrated over the entire PHAT footprint. By definition, the required metal loss since the beginning of the oldest time bin is equal to the total metal mass lost (Section 4.1). We find that the "required metal loss" is negative up to 1.5 Gyr ago, indicating that no net metal loss is actually required up to that lookback time. Interestingly, this lookback time is the beginning of the age bin immediately following the global burst of star formation. Increasing the lookback time to include the burst, we find that net metal mass loss becomes positive, and so metals must have been lost from the PHAT footprint since the beginning of the global burst of star formation ∼ 2 − 3 Gyr ago.
Though no net metal loss is required from the M31 disk in the past 1.5 Gyr, we can perform the same calculation within each SFH pixel and ask whether metal mass must have been removed from some regions, i.e., whether metals have been redistributed within the disk. Figure 8 shows a map of the PHAT footprint color-coded by the difference between total metal mass produced in the past 1.5 Gyr, and the total metal mass present in the neutral ISM, dust, and stars formed in the past 1.5 Gyr. SFH pixels shown in red contain an excess of metal mass that could have been deposited over that timescale over the metal mass that has formed over the same timescale. The blue SFH pixels have formed more metal mass recently than can be accounted for in the neutral ISM, dust, and recently formed stars, and so metals must have been removed from these regions in the past 1.5 Gyr.
The pattern of net metal loss from the central regions and excess "recently incorporated" metal mass present in the outskirts over the expected recent metal production in those regions suggests that metal mass has been transported outward in the disk over the past 1.5 Gyr. Since we are only considering metals produced since the global burst of star formation, which possibly coincided with a merger or interaction, we don't expect the stellar disk to have been disrupted since these relatively young stars formed and produced new metals. Stellar radial migration probably has occurred over this timescale, but because there is no radial variation in the fraction of produced metal mass that is retained in the stellar component, should not affect this calculation.
A total of 8.3 × 10 5 M of metal mass must have been moved outward in the disk, over a typical distance of 5 kpc. This level of metal transport is consistent with turbulent mixing at the sound speed of the ISM, c s ∼ 10 km s −1 (following Werk et al. 2011 ), corresponding to a maximum distance of 15 kpc traveled over 1.5 Gyr. It is possible that metals were instead mixed into a hot, gaseous halo, and that some metal mass in the outer parts of the disk has been incorporated from wind recycling or enriched accretion from beyond 20 kpc (e.g. Oppenheimer & Davé 2008). 6. CONCLUSIONS 1. We performed a census of the metal mass currently in the M31 disk. The stars harbor over 90% of metals, but the fractional contribution of metals in the neutral ISM and dust is higher in gas-rich regions tracing the star-forming rings (Section 2.4, Figure 3 ).
2. We constructed a model of metal production by Type II SNe, AGB stars, and Type Ia SNe following a burst of star formation and bounded the systematic uncertainties in this model (Section 3.1, Figure 4 ). We convolved this model with the CMD-based, spatially re-solved SFHs derived from PHAT data to calculate the history of metal production in M31 (Section 3.2, Figure 5 ).
3. Integrated over the PHAT footprint, we calculated that 62% of metal mass formed there is missing for our fiducial model. We show that f retained < 1 for all possible model choices, so our finding that metal mass is missing is robust to systematic uncertainties. Assuming azimuthal symmetry to extend our calculations to the entire M31 disk, we found that 1.8 × 10 9 M of metals are missing from the M31 disk within r < 19 kpc (Section 4.1, Figure 6 ).
4. We show that there is little variation in the metal retention fraction with radius, though f retained does increase by about 10% from the central regions to the most gas-rich regions at larger radii, creating a shallow, positive radial gradient in f retained . The slope of the f retained radial profile is insensitive to the choice of stellar evolutionary tracks used to derive the SFHs and enrichment histories (Section 4.2, Figure 7) . 5. From our fiducial calculation of lifetime metal mass loss from M31, we calculated a lifetime-averaged metal ejection efficiency ζ wind . Assuming that outflowing gas had the same metallicity as the ambient ISM gives an upper limit on the mass-loading factor η wind 1.05, implying that over its lifetime, M31 could have lost gas mass equivalent to the total mass in stars it formed (Section 5.1). 6. The missing metal mass we found for the fiducial model is over a factor of 100 larger than the available observational estimate of the metal mass in M31's CGM (Lehner et al. 2015) . Furthermore, all possible model choices result in a missing metal mass that is larger than this measured metal content, strongly suggesting that some metal mass has escaped beyond M31's CGM. If all metal mass missing from the M31 disk in the fiducial model currently resides in its CGM, we showed that the mass of hydrogen in the CGM would exceed the stellar mass of M31 if the CGM metallicity is sub-solar (Section 5.2).
7. We leveraged the spatially resolved SFHs and fiducial metal production histories to show that no net metal loss from the M31 disk is required in the past 1.5 Gyr, but there must have been a net loss of metals produced in M31 before and during the global burst of star formation 2 − 3 Gyr ago. We found that metals produced in the past 1.5 Gyr are missing from the central regions, suggesting that material has either been ejected from the inner disk or transported radially outward over that time interval (Section 5.3, Figure 8 ).
